It is known that the rheological properties of a polymer solution are strongly dependent on the polymer structure, composition, conformation and interactions between the polymer and the solvent. Indeed, the macromolecular interactions change the polymer conformation which can result in an improvement of rheological behavior. Herein, the synergy and interactions between hydrolyzed polyacrylamide (HPAM) and xanthan were explored by rheology experiments and dynamic light scattering. The results indicated that hydrogen bonding interactions occur between the HPAM and xanthan existing in saline solution. It was showed that negative or positive synergistic effects occurred when the proportions of partially hydrolyzed polyacrylamide and xanthan were changed and the maximum positive synergy occurred when the content of xanthan was ca. 80% for the present experimental conditions. In addition, the synergy of mixed solution was markedly influenced by temperature and the HPAM molecular weight and mineralization degree. The two types of synergistic effects tended to recede with increasing shear rate in the rheological experiments. It is noted the calculation of relaxation time (t) for the mixed solutions also demonstrated an interaction between the HPAM and xanthan in aqueous solutions.
Introduction
Partially hydrolyzed polyacrylamide (HPAM) is widely used in tertiary oil recovery. For polymer ooding, it is well known that the viscoelasticity of the HPAM solution has signicant effects on the microscopic oil displacement efficiency and can improve the oil displacement efficiency. 1, 2 For common HPAM, the viscoelasticity oen declines and shows shear thinning when the shear rate increases. This occurs because the molecular chains are easily oriented when it ows in porous media under a higher shear rate. The reason for this is that the backbone of HPAM is exible and its chain segments have lower ow activation energy. In addition, the carboxyl groups on HPAM are extremely sensitive to salts; especially high valence salts. It is well known that inorganic salts can compress the double electrode layer of a polyelectrolyte, shield the effective charge and weaken the static repulsion between the HPAM lateral groups. Thus the conformation becomes more constricted and the viscosity of the polymer solution decreases sharply. Moreover, a higher temperature would also decrease the apparent viscosity of HPAM. 3 In summary, it is highly desirable to improve the viscoelasticity at higher salt concentrations, higher temperature and higher shear rate, and to improve the oil displacement efficiency of HPAM. Therefore, modication of HPAM is extremely necessary.
Chemical modication is a conventional method that through graing rigid or large volume lateral groups to achieve the desired improvement, e.g. salt tolerant sulfonic acid groups, hydrolyzed resistant and hydrophobic. Jiang and his coworkers 4 graed rigid lateral groups onto HPAM and made the HPAM more heat stable. In the process of aging, the backbone of HPAM may fracture, but the steric effect of the rigid lateral groups, increases the resistance to molecular motion of the macromolecules and lowers the loss of the apparent viscosity. 5 In general, common rigid monomers such as styrene sulfonic acid, N-alkyl maleic imide etc. are chosen. Graing salt insensitive sulfonic acid groups, for instance, can obviously improve the salt tolerance. Wang 6 et al. synthesized a 2-acrylamide-2methyl propane sulfonic acid (AMPS) and acrylamide copolymer and obtained a temperature salt-tolerant copolymer. It is benet from special molecular structure of AMPS. Chang 7 et al. synthesized the AMPS/AM copolymer at low temperature with a redox initiation system and achieved relatively high molecular weight copolymer with good temperature salt-tolerant properties. Furthermore, introduction of the hydrolysis resistance group can enhance the temperature salt-tolerant properties to some degree. Hydrophobically associated polymer is a kind of supermolecule that enhances its properties by bringing in hydrophobic group onto lateral chain. It has been shown to be an effective method for HPAM improvement. Ye 8 et al. synthesized a hydrophobically associated polymer and found a physical cross-linking network formed in aqueous solution and displaying a good effect. In addition, in saline solution, an electrolyte such as sodium chloride can enhance hydrophobicity and increase the hydrodynamic volume. This may increase solution viscosity. Though these ways have been realized in the lab over the years, its radical based synthetic mechanism leads to uncontrollable products, complicated processes and then high cost of industrial manufacture. In particular, the side products cause serious environment pollution, which is difficult to handle. Therefore, in order to keep a stable yield, increase production and solve the contradiction between oil yield and market demand, developing a simple, ecofriendly and low-cost technology for the oil displacement agent is essential.
Polysaccharides are a kind of condensation compound that consist of ve or six membered ring repetitive units. [9] [10] [11] The ring repetitive unit is bioside and contains a large amount of hydroxy. Because of the special structure of the ring, polysaccharide molecules are more rigid and shear tolerant compared to HPAM. 12, 13 Besides, polysaccharide also has good salt tolerance and thickening effects in solutions. Molecular construction, conformation, and interaction of polymers may have radical effects on the physical-chemical properties of polymer solution. Similar to HPAM, polysaccharides have a large number of carboxyl and acylamino groups. Taking advantage of hydrogen bonding interactions between polysaccharide and HPAM may improve the rheological properties of their blend solutions. Furthermore, as a high molecular weight exopolysaccharide produced by the bacterium Xanthomonas campestris, xanthan (XG) is widely used in the food industry and oil elds. It is most important properties are high viscosity at low shear rates and good resistance to shear degradation. Xanthan molecules may become rigid when amount of an electrolyte is added and the side chains (shown in Fig. 2 below) twine around the backbone of xanthan.
The viscoelastic behavior of the aqueous solution compound of poly(acrylic acid) and poly(acrylamide) has been widely investigated. On the contrary, the viscoelastic behavior of the aqueous solution compound of XG and poly(acrylamide) has been rarely investigated. Poly(acrylic acid) is a type of polyelectrolyte and its molecular conformation is very sensitive to both the pH of solution and the ionic strength. Generally, the pH of solution and the ionic strength could signicantly inuence both the intermolecular interaction of poly(acrylic acid) and the viscoelastic behavior of its compounds. [14] [15] [16] [17] [18] Because of its unique molecular structure, XG is insensitive to both the pH of solution and the ionic strength. Partially hydrolyzed polyacrylamides, used as an oil displacement agent, only has a little amount of carboxyl groups. As a result, the sensitivity to the pH of solution of the aqueous solution compound of XG and HPAM is relatively low. Therefore, solution of the aqueous solution compound of XG and HPAM are prepared in neutral conditions. [19] [20] [21] During the practical application in the oil led, the oil displacement agents are generally mixed with saline solutions and the requirement of the concentration of the oil displacement agent is 1000-2000 mg L À1 . In real oil elds, the main salt elements are sodium salts, magnesium salts and calcium salts. According to the requirement of the practical application, the effect of concentration and types of salt on the viscoelastic behavior of XG/HPAM aqueous solution has been studied in this article. In addition, the effect of the molecular weight of HPAM on the viscoelastic behavior of aqueous solution has also been studied. Three typical molecular weight of HPAM, which is commonly used in real oil eld has been adopted.
HPAM has excellent viscosity but poor temperature tolerance and salt resistance, while XG has good temperature tolerance and salt resistance but lower viscosity than that of HPAM. In case of that there are hydrogen bonds between XG and HPAM under neutral conditions, HPAM and XG can form some assemble structures in aqueous solution. In this study, an aqueous solution compound consists of XG and HPAM has been prepared to improve the temperature tolerance and salt resistance of oil displacement agents. The positive synergistic effect in aqueous solution is expected, so synergistic effects were investigated under low shear rates state in this study, because it is convenient to illustrate the interaction between XG and HPAM and the hydrodynamic radii of their blends.
Furthermore, studying the synergistic effect and the rheology under shear can provide the basis for application of these two mixed oil displacement agents, which has better salt resistance and shearing resistance than traditional oil displacement agents.
Through blending these two types of oil displacement agents, we expect to be synergistic effects in aqueous solution and with their respective advantages complementary to each other. Furthermore, studying the synergistic effect and the rheology under shear can provide the basis for application of these two mixed oil displacement agents, which has better salt resistance and shearing resistance than traditional oil displacement agents.
Experiments

Materials
Three industry grade partially hydrolyzed polyacrylamides (HPAM) was provided by the Geological Research Institute of Shengli Oil Field, China, the hydrolysis degree (HD) was ca. 27% and weight-average molecular weight (measured by light scattering) were 2.3 Â 10 7 g mol À1 , 1.3 Â 10 7 g mol À1 , 5.0 Â 10 6 g mol À1 , respectively. These three HPAM samples are all well-applied industrial products. The HPAM can be used aer further purication. Salts (NaCl, MgCl 2 and CaCl 2 ) were purchased from Chengdu Kelong Chemical Agents Co. (PR China), analytically pure. Xanthan (food grade, W M ¼ 2.1 Â 10 6 g mol À1 ) was obtained from Guangfu Fine Chemical Engineering Institution (Tianjing, PR China). The water used in the preparation of solutions was homemade ultrapure water.
Preparation of sample solutions
HPAM and xanthan were dried at 30 C in a drying closet before use. The solvents were saline solutions with concentrations of 0.05 mol L À1 , 0.1 mol L À1 , 0.15 mol L À1 and 0.2 mol L À1 . The dissolving temperatures of HPAM and XG were consistently set at 35 C with a slow rate mechanical stirring for 3 days. They were then removed and XG was stored at 4 C in a refrigerator before use. Mother solutions with various volumes were then mixed to obtain desired blend solution. Sample solutions were le overnight to equilibrate before being used.
Relative viscosimetry measurements
Viscosimetry measurements for a series of HPAM/XG solutions were carried out with an Ubbelohde viscometer (globule volume 4 mL, capillary diameter 0.65 mm) in a water bath with automatic temperature control. All the measurements were conducted at 25 C. Calibration was done at 25 C: acetone (r ¼ 0.7851 g mL À1 ; h ¼ 3.075 Â 10 À3 Pa s) and n-butyl alcohol (r ¼ 0.8051 g mL À1 ; h ¼ 2.6390 Â 10 À2 Pa s) and the calibration parameters (A ¼ 0.000202420996; B ¼ 0.013729785) were obtained. All the relative viscosities were calculated by eqn (1) as follows:
where h r is the relative viscosity of the solution, t is the efflux time of the calibrating liquid and t s is the efflux time of the solution.
Shear rheology tests
The rheology tests using a peak hold model, steady state ow model and oscillation model were conducted using an AR-2000ex Rheometer (TA Instruments Co., USA).40 mm diameter standard steel parallel plate was used, the gap was set at 200 micrometer and the equilibrium time was 1 min. All the data were taken with log-log coordinate. The experiment parameters for the steady state model: shear rate were 0.1-100 s À1 ; for the oscillation model: angular frequency: 0.1-50 Hz, oscillation stress 0.1 Pa. All the measurements were implemented at 25 C. [22] [23] [24] The discrete relaxation time was calculated by Rheology Advantage Data Analysis supermolecular (product version v5.7.0; le version v5.7.0, TA Instruments Co., USA). Continuous relaxation time spectra were calculated and processed by Matlab (version 7.8.0.347(R2009) win64, MathWorks company) and Originpro 8.0 soware (OriginLab company).
DLS measurements
The hydrodynamic radius for all polymer samples were measured by a BI-200SM wide-angle laser scattering at 25 C, the wavelength of the monochromatic laser light was 532 nm, delay time was constant, 3 minutes, detection angle was 90 , pin hole size was 2 mm and the transmittance was 50%. All of the NaCl solvents were ltered with 0.45 mm lter and all the samples were ltered with a 0.22 mm Millipore lter (Navigator, USA) to eliminate dust to the best of our ability.
3 Results and discussion
Synergy study of XG/HPAM solutions in a Ubbelohde viscometer
For a single component polymer solution, its apparent viscosity increases with increasing polymer concentration. The contribution of a single macromolecule to the solution could be measured as the specic viscosity calculated at 0 concentration by extrapolation. For a solution of two polymers without specic molecular interactions between the polymers, the relative viscosity, h r,m , can be calculated as a weight average of the viscosities of the individual components:
where h A and h B are the relative viscosities of polymer A and polymer B at concentration C 0 . In eqn (2),
When a specic molecular interaction exists in aqueous solution, the viscosity of the blend solution will vary compared to the viscosity given by eqn (2) . The contribution of molecular interaction to the relative viscosity can be described by h r,i :
where h r,exp is the experimentally measured relative viscosity. In addition, a viscosity enhancement factor R can be dened as: [25] [26] [27] 
R reects the relative variation compared to a single component solution at the same concentration due to specic interactions. In order to decrease the polyelectrolyte effect, the concentration of 0.2 mol L À1 for NaCl was used according to Zhang et al.'s work. 28 The relationship between R and the weight percentage of XG gum is shown in Fig. 1 . In these measurements molecular weight of HPAM was 2.3 Â 107 g mol À1 and the total polymer mass concentration were 1000 mg L À1 , 1500 mg L À1 and 2000 mg L À1 . Fig. 1 Viscosity enhancement factor versus weight percentage of XG
As shown in Fig. 1 , when the content of XG was low, the value of h r,exp was smaller than their h r,i 's, especially for total polymer concentration(C p ) of 1000 mg L À1 and 2000 mg L À1 . According to the result of Rahbari, 17 this indicates that HPAM and XG had negative synergy, viscosity of blend solution decreased slightly. However, in the high XG content area, the viscosity increased and showed positive synergy. When the XG weight percentage was equal to 0.8, all three solutions showed the maximum positive synergy. A possible explanation is: interaction of two types polymers may be inuenced by solvation and intermolecular hydrogen bonds. On one hand, the hydrophility of XG was better than that of HPAM. This was determined by the large numbers of hydroxy groups on the XG backbone and side chain. The molecular structures of HPAM and XG are shown in Fig. 2 . The addition of XG may change the solvent properties and decrease the free water molecules around HPAM, that equals to increasing the hydrophobicity of HPAM. 26 On the other hand, large numbers of XG molecules are absorbed onto HPAM coil by hydrogen bonding, and a supermolecular structure forms. 29 Fig. 1 reveals that it is the result of competition of these two factors with each other. The probability of formation of supermolecular structure is low and the former interaction had the dominant position when the content of XG in solution was low. Therefore, the conformation of HPAM became more constricted, the hydrodynamic volume decreased and a negative synergy occurred. With increasing content of XG, the XG could be absorbed onto HPAM coil due to hydrogen bonding. Thus, the hydrodynamic volume increased, as well as the viscosity of the solution. However, when the content of XG was more than 80%, the positive synergistic effect weakened due to reduction of the number of the supermolecular structures.
In order to further investigate effects of coil size on the synergistic effects, experiments were carried out with different molecule weight HPAM samples to study the interaction and their rheology behavior. The results are shown in Fig. 3 .
For mixed solutions with the HPAM molecular weight of 2.3 Â 10 7 g mol À1 , the former interaction had a signicant effect on hydrodynamic volume of HPAM coil due to its large molecule size. This may explain why there was a negative synergic effect in low XG content area. Nevertheless, when the molecular weight of HPAM was 1.3 Â 10 7 g mol À1 , the HPAM coil size was smaller than that of the 2.3 Â 10 7 g mol À1 sample, and the variation of the solvent property had lesser effect on the HPAM and the formation of supermolecular structures held the dominant position. As a consequence, the viscosity of solutions for all concentrations of the XG increased and showed a positive synergic effect. However, when the HPAM molecular weight relative to 5 Â 10 6 g mol À1 , the number of carbonyl groups on the side of the HPAM lateral chain decreased, as well as the coil size, so that formation of supermolecular structures through hydrogen bonds becomes difficult, thus the former interaction becomes more obvious. 29, 30 In addition, the solution behavior of the polymers in different types of the salt solutions is shown in Fig. 4 . It indicated that divalent cations caused the solution viscosity to decrease compared with monovalent cations when the salt concentration was 0.2 mol L À1 for all XG concentrations. Both XG and HPAM are anionic polyelectrolyte, but the XG molecular structure is more rigid compared with HPAM. Thus, the HPAM coil size is signicantly impacted by the cation, especially divalent cations. Because the shielding effect of divalent cations is stronger than that of monovalent cations, the HPAM coil become more contracted, even though a supermolecular structure forms; the size decrease is more than the increment of complex formation. That results in negative synergy appearing. What is noteworthy is that the absolute value of R for CaCl 2 was bigger than that for MgCl 2 , which might be related with intramolecular bridging of Ca 2+ via electrostatic attraction. 31 
Synergy study of XG/HPAM solution in a torque rheometer
A torque rheometer was used to observe the effects of shear of the HPAM; based on the results with the Ubbelohde viscometer, the shear rheology behavior of the HPAM molecular weight 2.3 Â 10 7 g mol À1 HPAM blend solutions was investigated. A series of viscosity under different shear rates were measured, with the value of R were displayed in Fig. 5 . The Fig. 5 shows the R value of the 2000 mg L À1 blend solution under different shear rates (0.25-73 S À1 ) as a function of XG weight percentage. It was found that with increasing XG weight percentage, the synergy effect changed from negative synergy to positive synergy with the variation of the shear rate. The biggest positive synergy appeared at ca. 80%, this accorded with results of the Ubbelohde viscometer measurements. Furthermore, with increasing shear rate, the absolute value of R decreased for all compositions of the XG. This may be ascribed to the shear stress damaging supermolecular structure in the high XG content area. The higher the shear rate, the stronger was the damage degree. However, the reason why a high shear rate caused the absolute value of R to decrease in low XG content area needs our further study. Possibly, it can be explained by a relationship between mechanical stirring and hydration.
On the basis of the results above, the blend solution whose XG content in the HPAM/XG was 80% was selected to investigate the effects of the concentrations of the saline solutions on cooperative behavior. Referring to Zhang et al.'s work, 28 R h of HPAM decreased by 25% when the concentration of NaCl increased from 0.02 to 0.2 mol L À1 , however, it decreased only by 30% when the concentration increased from 0.02 to 1 mol L À1 . This demonstrated that the inuence of the salt concentration on the viscosity mainly occurred when the concentration of the NaCl was less than 0.2 mol L À1 . The viscosity enhancement factor for 80% XG content blend solution at different shear rates as a function of NaCl concentration is displayed in Fig. 6 . It can be seen that an obvious negative synergy appeared for the NaCl concentration of 0.05 mol L À1 . Then it changed to a positive synergy with the absolute value of R decreasing gradually. According to Meada et al.' work, 32 hydrogen bonding between polymers would be broken down if a small quantity of inorganic salt was added, and then supermolecular structures were breaking down. For HPAM, the Na + in aqueous solution can shield static repulsion effects on polyelectrolyte lateral groups. Thus, the coil conformation of HPAM would contract. However, for rigid XG molecules, the electrostatic shielding effect of Na + causes its lateral groups on the main chains to twine around the backbone, and due to this behavior, the conformation of XG converts into a rigid rod, the hydrophilic groups on the backbone are shielded and the hydrophobicity effect of XG increases. 9,10,33 Therefore, the intermolecular hydrogen bonding might be partially damaged when the sodium chloride concentration was 0.05 mol L À1 and there was little supermolecular structure in the blend solution; the rst interaction above would hold the dominant position, resulting in the negative synergy. When more salt was added, the hydrophobicity of XG increased further and the XG molecule aggregated on the two HPAM coils. 33 Many rigid XG molecules had a tendency to parallelly and densely arrange around HPAM coil. 34, 35 As a consequence, positive synergy appeared. However when the concentration of NaCl was more than 0.1 mol L À1 , the electrostatic shielding and the HPAM conformation contraction increased sufficiently that the positive synergy tended to decrease. The Fig. 7 exhibits the effects of temperature on viscosity enhancement factor. With rising salt concentration, the variation tendency of R was similar to that in the curves in Fig. 6 . The reasons have been described above. For a lower concentration (at 0.05 mol L À1 ), the absolute value of R increased rst and then decreased with the increase of temperature. Hydrogen interactions can form more easily between amino and carbonyl groups than between hydroxyl and carbonyl groups at 40-45 C. [36] [37] [38] It makes the intramolecular hydrogen bonding partly replace the hydrogen bonding between water molecules and HPAM. Thus it makes HPAM coil contractive and decreases solution viscosity. When the temperature was higher than 45 C, the intramolecular hydrogen bonding between amino and carbonyl in HPAM has been gradually destroyed with the increasing of temperature. The hydrodynamic radius of HPAM increases. The viscosity of the solution increases. So the negative synergistic effect weakened gradually, and the positive synergistic effect increased gradually.
Effect of different mixture ratio of HPAM-XG on its viscoelastic properties
The viscosity of a polymer is the result of the large scale molecular motions. It is correlated with the hydrodynamic Fig. 8 Dependence of the G 0 and G 00 on angular frequency (T ¼ 25 C, C ¼ 2000 mg L À1 , C NaCl ¼ 0.2 mol L À1 , M w ¼ 2.3 Â 10 7 g mol À1 ). Fig. 9 The dependence of apparent viscosity, h, on shear rate volume of the polymer and its intermolecular interactions. The modulus of the blend solutions with different XG contents versus angular frequency is shown in Fig. 8. Fig. 8(a) illustrates the dependence of the G 0 on the angular frequency in term of the log-log coordinate. The G 0 of the pure XG solution was the largest while the G 0 of the pure HPAM solution was the lowest over the entire frequency range; the G 0 increased continuously with the increase of the XG content. It indicates that the value of the G 0 depended on the content of the XG in this system. When the XG content was low, especially lower than 30%, the G 0 of the blend solutions were nearly the same as the value of the pure HPAM, and in this case, there was only a small amount of the absorbed XG in the above discussion, and the polymer coils could deform through the variations of the HPAM conformation when subjected to the action of shear force. Therefore, G 0 of the solution was similar to that of the pure HPAM solution. When the XG content was higher than 30%, the exible part of HPAM with no absorbed XG, relative. So the polymer deformation became difficult compared with the preceding situation. Thus the G 0 of blend solutions increased in a large extent. When the content of XG was more than 80%, the G 0 of pure XG and blend solution overlapped. The possible reason was that HPAM coil was encased by the XG molecules, a supermolecular structure was formed and its ability to resist deformation was mainly controlled by the XG. In addition, Fig. 8(b) , a plot of the G 00 vs. the angular frequency for the same set of the solutions showed the same variation pattern. This is in accord with synergy study and indicates that an interaction by hydrogen bond between HPAM and XG was conrmed. The viscoelasticity of solution was changed by the molecular interactions.
The Fig. 9 shows the apparent viscosity of the different blend ratio HPAM/XG solutions versus shear rate via log-log coordinates. It was obvious that with increasing shear rate, the apparent viscosity of all the solution decreased, exhibiting shear thinning behavior. In the area of the negative synergy (the XG content < 30%), the apparent viscosity of HPAM/XG solution approached the pure HPAM. When the XG content was more than 40%, the viscosity increased. This, thus, corroborates the Ubbelohde viscometer measurements.
The apparent viscosities of HPAM, HPAM/XG and XG in different salinity aqueous solutions are displayed in Fig. 10 , respectively. The Fig. 10(a) illustrates the apparent viscosity of HPAM as a function of shear rate for different NaCl concentrations. With rising Na + concentration in the aqueous solutions, the electrostatic shielding effect for the HPAM side chains was strengthened, and the conformation became more contracted, and the viscosity decreased, showing a worse salt resistance. In Fig. 10(b) , the viscosity of the XG in saline solution was higher than that in an aqueous solution for the reason that the electrostatic shielding effect by Na + resulted in its side chains winding around the backbone and forming intermolecular two-dimensional ordinal rod structures by hydrogen bonds. 9,10 However, for the blend solutions in Fig. 10(c) , its viscosity decreased and then increased with NaCl concentration. As discussed above relative to the Fig. 6 , the negative synergy appeared for low NaCl concentration. There existed supermolecular structure in solution, and the contracted coils of the HPAM caused the viscosity to decrease. When the NaCl concentration was further increased, the positive synergy and the viscosity were increased.
Hydrodynamic diameter distribution of the HPAM/XG solution
In order to obtain further information concerning the interaction of two polymers, dynamic light scattering experiments were carried out to measure their hydrodynamic size. The hydrodynamic diameter of the HPAM, the XG and their mixture in the solution were tested and is displayed in Fig. 11 . The hydrodynamic diameter of XG was lower corresponding to its relatively small molecular weight; its mean diameter was ca. 1610 nm at the concentration of ca. 2000 mg L À1 . HPAM hydrodynamic diameter was ca. 3050 nm. However, the hydrodynamic diameter was 4470 nm for the blend solution at the same total concentration, being higher than those of the pure components. These results further conrmed that there was a strong interaction between the HPAM and the XG and that aggregates were formed via intermolecular hydrogen bonding; it was also in accordance with the above discussion of synergy.
There are many studies of other interpolymer complexes using anisotropic techniques that study the decreased relaxation due to hydrogen bonding between polymers. Relaxation time can reect the interpolymer complexes. Based on the corresponding oscillation experimental data in Fig. 8 , discrete relaxation spectra were calculated. The results are listed in Table 1 . The relaxation time s includes two parts: relaxation times of the coils and relaxation times of the chain segments. The coil relaxation time had a bigger value of s due to its large size whereas the segmental relaxation time had a smaller s. The size of the motion units determines the value of s. From Table 1 , it could be seen that the relaxation time of the coil in the blend solution was longer than that for the pure HPAM, this also indicated a larger coil size in blend solution compared with pure HPAM solution.
In order to obtain further evidence of the relaxation times and their distribution, the relaxation spectra were calculated according to our previous study. [39] [40] [41] [42] The relaxation time spectra were calculated using eqn (5) and (6) (ref. 43 ) and the corresponding oscillation experimental data in the Fig. 8 .
where H(s) is the relaxation time spectra or distribution function, u represents the angular frequency, while G 0 is the equilibrium modulus which is zero for a viscoelastic liquid. The Fig. 12 showed a continuous relaxation time spectrum for the pure HPAM solution, the blend solution and the pure XG solution. In the Fig. 12 , there are two peaks corresponding to smaller motion units which have a short relaxation time. This most probable distribution represents the segmental relaxation time distributions of the molecules or supermolecules. Because the motion units were of various compositions, it had a large distribution. The peaks in the middle of the curve probably represented the relaxation times of the distorted complete coils under shear stress. This part contained several peaks and illustrated that the distortion of coil was staged. The coil relaxation time or the chain relaxation time was longer and had a small distribution due to their large size and small amount. Moreover, the molecular distribution would broaden the peaks. It was worth noting that the relaxation time distribution of the blend solution was the widest. Thus it manifested a bigger motion unit in blend solutions.
Conclusions
Ubbelohde viscometry, torque rheometry and laser light scattering were used to study the interactions between HPAM and XG and their rheology behavior in saline solutions. The main conclusions are as follows:
(1) Hydrogen bond interaction between HPAM side groups and XG was found in saline solution. A negative synergy occurred when XG content was less than 30%; however, an obviously maximum positive synergy effect occurred when the XG content was 80% and the total polymer concentration was 2000 mg L À1 .
(2) The synergy effects were affected by temperature, molecular and degree of mineralization. The higher the molecular weight, the more obvious the synergy was; however, only the negative synergy was observed when the molecular weight is 5.0 Â 10 6 g mol À1 . Greater positive synergy was observed at higher NaCl concentration. At the same NaCl concentration, the negative synergy had a tendency to increase rstly and then decrease with increasing temperature. The tendency of positive synergy was opposite to the former.
(3) It showed negative synergy at lower mineralization and a positive one at higher NaCl concentration when XG content is 80%. In addition, good salt resistance of the blend solutions was conrmed.
(4) The two types of synergy effects tended to recede with increasing shear rate. We suggest this may have been caused by hydrogen bond damage.
